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We show that the Abell Cluster A586 exhibits evidene of the interation between dark matter
and dark energy and argue that this interation implies a violation of the Equivalene Priniple.
This violation is found in the ontext of two dierent models of dark energy-dark matter interation.
We also argue, based on the spherial symmetry of the Abell Cluster A586 that skewness is not the
most general quantity to test the Equivalene Priniple.
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Introdution. It has beome rather onsensual that
the most natural setup to onsider dark energy and dark
matter (hereafter DE and DM, respetively) is the one
where these omponents are interating. However, so
far no observational evidene of this interation has been
presented. In this work, we argue that study of the Abell
Cluster A586 exhibits evidene of the interation between
DE and DM. Furthermore, we show that this interation
implies a violation of the Equivalene Priniple (EP). Our
results are obtained in the ontext of two distint models
for the DE-DM interation. We onsider the generalized
Chaplygin gas (GCG) model [1℄, a unied desription of
DE and DM, where interation is an automati feature of
this proposal, but also a less onstrained approah where
DE and DM are regarded as two independent ompo-
nents, but interating (see e.g. [2℄). We show that in-
teration between DE and DM implies a violation of the
EP between DM and baryons whih an be deteted in
self-gravitating systems in stationary equilibrium. For
sure, the EP is one of the ornerstones of general relativ-
ity, however its validity at osmologial sales has never
been diretly tested (see [3℄ and referenes therein). The
EP an be expressed in terms of the bias parameter, b,
dened as ratio of baryon over DM density, at a typial
lustering sale (Mp). Should the EP hold, b would be a
onstant over time sine then all lustering speies would
fall equivalently under the ation of gravity. Inversely,
lustering should reet the violation of the EP through
a dierent behavior for both speies. Interation between
DM and DE indues a time evolution of b.
In this work we shall fous on the eet of interation
on lustering as revealed by the Layzer-Irvine equation.
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Given that the EP onerns the way matter falls in the
gravitational eld, onsidering the lustering of matter
against the osmi expansion and the interation with
DE seems to be a logial way to test its validity. In what
follows we shall see that DE-DM interation implies a
departure virial equilibrium. First, we will set the for-
malism to address the DE-DM interation and onsider
two models: one based on a ad ho DE-DM interation
[2℄, the other in the GCG with an expliit identiation
of the DE and DM omponents [4℄. Our observational
inferenes are based on the Abell Cluster A586 given its
stationarity, spherial symmetry and wealth of available
observations [5℄.
Quintessene model with DE-DM interation. The
Bianhi identities with oupling ζ give origin to the fol-
lowing homogeneous energy onservation equations:
ρ˙DM + 3HρDM = ζHρDM , (1)
ρ˙DE + 3HρDE(1 + ωDE) = −ζHρDM . (2)
The basi assumptions used in these equations are a on-
stant equation of state parameter pDE = ωDEρDE and







for a onstant η. From the time derivative of Eq. (3)



















2The DE evolution is then derived from the saling di-













In this model, from Eq.(5) one an see that the bias pa-





















where b0 = ΩB0/ΩDM0 [ΩDE0 +ΩDM0 ]
(η+3ωDE)/η
.
The GCG model. Let us now onsider the GCG model
with an expliit identiation of DE and DM, as dis-
ussed in Ref. [4℄. The GCG model is onsidered here
as it fares quite well when onfronted with various phe-
nomenologial tests: high preision Cosmi Mirowave
Bakground Radiation data [7℄, supernova data [8, 9, 10℄,
gravitational lensing [11℄, gamma-ray bursts [12℄, osmi
topology [13℄ and time variation of the eletromagneti
oupling [14℄. In order to obtain a suitable struture for-
mation behavior at linear approximation, ωDE = −1 (see
[4℄ and referenes therein). For the GCG admixture of






where A and α are positive onstants. From [4℄, the DM




















so that we reover Eq. (3), but now with η = 3(1 + α)
and ωDE = −1.
The Generalized Layzer-Irvine equation. Let us now
turn to the osmologial gravitational ollapse and its im-
pliation for the EP. It is possible to write the energy den-
sity onservation for non-relativisti self-gravitating dust-
like partiles through the so-alled Layzer-Irvine equa-
tion [15℄. The kernel of the method is to onsider the
Newtonian kineti energy, K, per unit mass, while keep-








∝ a−2 , (11)
where a is the sale fator of the Robertson-Walker met-
ri. It then follows that:
ρK ≡MdK/dV = d(MK)/dV ∝ a
−2 . (12)
It is assumed that the mass evolution of the luster re-
mains onstant over the ourse of the observation. The
energy transfer between DM and DE is negligible at this
point.
The potential energy per unit mass derives from the




where we have replaed the bakground energy density
by the DM energy density. After onsidering the DE-DM
interation, it follows that
W ∝ a2+d/d ln a (ln ρDM ) = aζ−1 (14)
and hene
ρW ≡MdW/dV = d(MW )/dV ∝ a
ζ−1 . (15)
This is the soure of dierene from the usual dust ase.
The Layzer-Irvine equation for the energies per unit vol-
ume is just a hain rule of time derivative for the energy




(ρDM ) = a˙
∂
∂a
(ρDM ) = − [2ρK + (1− ζ)ρW ]H ,
(16)
from whih follows
ρ˙DM + (2ρK + ρW )H = ζρWH , (17)
where H = a˙/a is the expansion rate.
Furthermore, writing in terms of the virial equilibrium
fator 2ρK+ρW and the departure to stati equilibrium,
due to the DE-DM interation, Eq. (17) beomes





As before, it is possible to see from the equivalent of Eq.
(3) for the GCGmodel (for whih ωDE = −1 [4℄) that one
an map Eq. (18) for the generi interation model into
the GCG model via the relationship η = 3(1 + α). Next
we shall apply these equations to the stationary Abell
Cluster A586 for whih ρK and ρW an be omputed, so
to to ompare the observed loal measurements with the
homogeneous-spawned interation term:
2ρK + ρW = ζρW . (19)
The Abell Cluster A586. In order to estimate the ou-
pling between DE and DM from Eq. (19) one has to nd
a partiular luster to ompute ρK and ρW . It is onve-
nient that the luster is as spherial as possible and lose
to stationary equilibrium. Under these onditions, one





























where MCluster and RCluster are the luster's mass and
radius, σv is the veloity dispersion and < R > is the
mean intergalati distane.
The luster must be also relaxed, sine the ore of our
method onsists in estimating the EP violation from a
deviation from the standard form of the osmi virial
theorem dened by Eq. (17) set with no interation.
Given these onstraints a partiularly suitable luster
for our purpose is the Abell luster A586 [5℄. It is found
that the mass prole in this partiular luster is approx-
imately spherial and that it is a relaxed luster, sine
it has not undergone any important merging proess in
the last few Gyrs [5℄. The agreement between dynamial
(veloity dispersion and X-ray) and non-dynamial mass
estimates (weak-lensing) indiates that A586 is in fat a
relaxed luster.
Considering that gravitational weak lensing is indepen-
dent from equilibrium assumptions about the dynamial
state of the luster, it turns out to be the best mass es-
timator. Therefore, in our analysis we assume [5℄:
MCluster = (4.3± 0.7)× 10
14 M⊙ (22)
whih orresponds to the total mass inside a 422 kp
radius region estimated using gravitational weak lensing.
In order to have a oherent set of data, we take for the
veloity dispersion [5℄:
σv = (1243± 58) kms
−1
(23)
as omputed from gravitational weak lensing measure-
ments.
The mean intergalati distane is estimated using the
oordinates (right asension-αc and delination-δc) of the
31 galaxy sample provided in Ref. [5℄. Given that
weak gravitational lensing data onerns a 422 kp ra-
dius spherial region and the 31 galaxies lie within a
570h−170 kpc region, one has to selet from the original
sample the galaxies that lie within the range of interest.
Sine at the luster's distane, one arseond orresponds
to 2.9 kp, we selet from our sample the galaxies that
have αc and δc suh that:√
(αc − αcenter)2 + (δc − δcenter)2 ≤ ∆max , (24)
where αcenter and δcenter are the oordinates of the en-
ter of the luster and ∆max = 145
′′
is the angular di-
mension orresponding to a radius of 422 kp. From
this proedure, we build a sub-sample ontaining 25
galaxies. From this sub-sample oordinates one an es-
timate the mean intergalati distane by elementary
trigonometry, the distane between any two galaxies i
and j with oordinates (αci, δci) and (αcj , δcj) is given by
r2ij = 2d
2 [1− cos(αci − αcj)cosδcicosδcj − sinδcisinδcj],
where d is the radial distane from the enter of the lus-
ter to Earth. Therefore the mean intergalati distane









where Ngal is the number of galaxies in the sample. In
our sub-sample, Ngal = 25 and hene we get the estimate
< R >= 309 kp. Using Eqs. (22), (23) and < R > we
an estimate the kineti and potential energy densities,
Eqs. (20) and (21):
ρK = (2.14± 0.55)× 10
−10Jm−3 , (26)
and
ρW = (−2.83± 0.92)× 10
−10Jm−3 , (27)
where the errors were omputed using linear error prop-
agation.
It is worth mentioning that
ρK
ρW
≃ −0.76± 0.05 , (28)
instead of −0.5 as one would expet for a relaxed luster
onsidering the standard form of the osmi virial theo-
rem and no DE-DM interation.
Evidene of violation of the EP. In what follows we use
our estimates of ρK and ρW , Eqs. (26), (27), and the lat-
est osmologial WMAP data [17℄ to show the evidene
of DE-DM interation. We also demonstrate that this in-
teration implies a violation of the EP between DM and
baryons.
Let us rst look at the quintessene model with DE-
DM interation. From Eqs. (1) and (2) the DE-DM in-
teration is exhibited through a non-vanishing ζ or equiv-
alently, from Eq. (4), by the ondition η 6= −3ωDE.
Thus, assuming that ωDE = −1, ΩDE0 = 0.72,
ΩDM0 = 0.24, one an estimate η for whih Eq. (19)
is satised for the redshift of the A586, z = 0.1708. We
nd that:
η = 3.82+0.18−0.17 . (29)
Thus, sine Eq. (29) satises the ondition η 6=
−3ωDE, one onludes that DE and DM are interat-
ing. Notie that, as observations suggest a reent DE
dominane, then ζ < 0, and from there follows that
η > −3ωDE. This means that Eq. (29) not only suggests
that DE and DM are interating, but also, as expeted,
that the energy transfer ow is from DM to DE.
Let us now turn to the CGC model. With the iden-
tiation of omponents suggested in [4℄, DE-DM inter-
ation is expressed by the ondition α 6= 0. In order to
see the eet of interation in the GCG model, we pro-
eed as before using Eqs. (19), (26) and (27), from whih
follows:
α = 0.27+0.06−0.06 . (30)
4Thus, the ondition α 6= 0 holds, meaning that the
A586 data is onsistent with the identiation of ompo-
nents suggested in [4℄ for the CGC model. Notie that
for α = 0 the GCG model orresponds to the ΛCDM
model. Moreover, it is interesting to point out that the
value α ∼ 0.27 is approximately onsistent with values
found to math the bias and its growth from the 2dF
survey (see [4℄ and referenes therein).
The violation of the EP arises from the time depen-
dene of the bias parameter. We depit in Fig. 1, the
evolution with redshift of the normalized bias parameter
dened in Eq. (7).










Figure 1: Normalized bias parameter as a funtion of the
redshift.
Figure 1 shows that b(z)/b0 has undergone a sharp
hange in the reent past, a lear signal of the violation
of the EP due to the DE-DM interation. This abrupt
variation orresponds to the period when energy transfer
from DM to DE beomes signiant (z ∼ 0.7).
Disussion and Conlusions. In this work we have
shown that the properties of the A586 suggest evidene
of the interation between DE and DM. We have also
argued that this interation implies a violation of the
Equivalene Priniple. We nd that this violation is in-
dependent of the interation model between DE and DM
and entails a redshift evolution of bias parameter given
by Eq. (7) and depited in Figure 1. Our onlusions are
independent of the DE-DM interation model, generi
or GCG. Atually, a violation of the EP is reported to
be found in other DE models [18℄. For the GCG model
we nd that the detetion of interation preludes the
ΛCDM model (α = 0). Furthermore, the obtained value
for α is approximately onsistent with results for the bias
and its growth obtained by the 2dF survey [4℄.
It is interesting to point out that our results indiate
evidene for violation of the EP between baryons and
DM using data extrated from the A586, a notoriously
relaxed and spherially symmetri struture. This seems
to imply that the suggestion that osmologial evidene
for a violation ould be deteted via skewness [16℄ does
not hold. Indeed, spherial symmetry implies that skew-
ness vanishes given that it is an odd parity spatial fun-
tion. Thus, while the virial equilibrium may in priniple
reveal the violation of EP due to the DM-DE interation,
skewness is unable, by denition, to detet it in this par-
tiular symmetry. The spherial symmetry of A586 and
our detetion of violation of the EP via virial equilibrium
exemplies this point.
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